Introduction: We previously demonstrated in an animal model that steatosis, in the absence of fibrosis, induces a significant rise in portal pressure, indicating substantial changes in liver hemodynamics. As assessment of portal pressure is an invasive procedure, non-invasive parameters are needed to identify patients at risk. Aims: To study the portal pressure in nonalcoholic fatty liver disease patients and to identify factors that are possibly related to steatosis-induced changes in liver hemodynamics. Materials and methods: Patients presenting with a problem of overweight or obesity, and in whom non-invasive investigations showed signs of liver involvement, were proposed for transjugular hepatic vein catheterization and liver biopsy. The biopsy was scored according to the Nonalcoholic Steatohepatitis Clinical Research Network Scoring System. Results: A total of 50 consecutive patients were studied. Their mean age was 47.9 ± 1.8 years; 31 (62%) were female. Hepatic venous pressure gradient was normal in 36 (72%) and elevated in 14 (28%) patients. The degree of steatosis was the only histological parameter that differed significantly between the two groups (P ¼ 0.016), and was a predictor of the presence of portal hypertension (PHT) in regression analysis (P ¼ 0.010). Comparing normal versus portal hypertensive patients, waist circumference (117 ± 2 versus 128 ± 4 cm, P ¼ 0.005), waist-hip ratio (0.96 ± 0.06 versus 1.04 ± 0.03, P ¼ 0.003), visceral fat (229 ± 15 versus 292 ± 35 cm 2 , P ¼ 0.022), fasting insulin (15.4 ± 1.7 versus 21.8 ± 2.4 mU ml À1 , P ¼ 0.032), fasting c-peptide (1.22 ± 0.06 versus 1.49 ± 0.09 nmol l À1 , P ¼ 0.035) and homeostasis model assessment-insulin resistance (HOMA IR) (3.28 ± 0.29 versus 4.81 ± 0.57, P ¼ 0.019) were significantly higher. Age, gender, liver enzymes, ferritin and high-sensitive C-reactive protein were not significantly different. In regression analysis, waist circumference (P ¼ 0.008) and HOMA IR (P ¼ 0.043) were independent predictors of PHT. Conclusions: Estimates of both visceral adiposity and IR are predictors for the presence of PHT, related to the degree of steatosis, and may help in identifying patients who are at risk of developing steatosis-related complications.
Introduction
Nonalcoholic steatosis is increasingly recognized as a cause of liver-related morbidity and mortality. It is frequently associated with features of cell damage and inflammation, leading to the definition of nonalcoholic steatohepatitis (NASH). NASH may lead to progressive fibrosis and cirrhosis. Evidence is increasing, however, that steatosis per se may also be harmful. Therefore, the term nonalcoholic fatty liver disease (NAFLD) covers a broader spectrum ranging from pure steatosis to steatohepatitis with fibrosis and cirrhosis and its complications, including hepatocellular carcinoma. 1, 2 Steatotic livers seem to be more vulnerable to ischemiareperfusion injury. This is illustrated by the high risk of primary graft non-function in case of severe steatosis of the donor liver in liver transplantation 3 and by the increased mortality and complication rate (in terms of pre-and postoperative bleeding and liver dysfunction) in liver surgery on steatotic livers. 3, 4 This increased vulnerability might be explained by the impact of steatosis on mechanisms of inflammation, fibrogenesis and regeneration. [5] [6] [7] However, changes in liver blood flow, especially a reduction in sinusoidal flow, 8, 9 were documented as well, both in animals 9 and in humans. 8 We recently demonstrated in the methionine-cholinedeficient diet-induced rat model of steatosis that steatosis induces significant portal hypertension (PHT) in the absence of fibrosis and morphological signs of inflammation. This rise in portal pressure is associated with systemic vascular hyporeactivity, increased splanchnic blood flow and signs of a hyperdynamic circulation. 10 These features resemble the hemodynamic changes that are well documented in cirrhotic PHT. 11, 12 We subsequently examined the hepatic venous pressure gradient (HVPG) in a prospectively included series of patients with overweight and hence a risk of NAFLD.
In this patient series, we show that steatosis was associated with PHT in the absence of extensive fibrosis or cirrhosis, confirming the previous experimental findings. This observation confirms the potential impact of steatosis on liver hemodynamics in NAFLD patients. The assessment of portal pressure, however, is an invasive procedure. In the present analysis, we aim at identifying in our patient series clinical and biochemical parameters that are related to the presence of NAFLD-related PHT, in order to better characterize patients at risk for steatosis-related disease and its complications in an noninvasive manner.
Patients and methods
Patients presenting at the obesity clinic with a problem of overweight underwent a liver-specific program combined with a classical metabolic work-up. The classical metabolic work-up is approved by the Ethics Committee of the Antwerp University Hospital and has been used for many years at our center. It requires written informed consent of the patient and includes a detailed questionnaire on weight evolution, dietary habits, family history (with a focus on weight and diabetes), personal medical history, medication, alcohol and tobacco use. A clinical examination including anthropometry yields data on body weight and body fat distribution. Blood analysis includes blood cell count, white blood cell formula, coagulation tests, thrombophilic tests, electrolytes and kidney function tests, liver tests (aspartate aminotransferase, alanine aminotransferase (ALT), lactate dehydrogenase, g-glutamyl transpeptidase, alkaline phosphatase, total bilirubin and fractions), creatinine kinase, total protein, protein electrophoresis, thyroid function, sex hormones, ferritin, vitamin B and folic acid. A 3-h oral glucose tolerance test (75 g of glucose, 3 h) including insulin and c-peptide analysis is carried out. Insulin resistance (IR) estimation using the homeostasis model assessment (HOMA) is calculated as (insulin (mU l À1 ) Â glucose (mmol l À1 ))/22.5. 13 Further examination includes visceral fat measurement by computed tomography. 14 The liver specific program, approved by the Ethics Committee of the University Hospital Antwerp, includes additional blood analysis to exclude the classical etiologies of liver disease (for example, viral hepatitis and autoimmune disease); a Doppler ultrasound of the abdomen; a liver-spleen scintigraphy 15 and an aminopyrine breath test as a measure for liver metabolic reserve. 16 As liver steatosis seems to be closely related to the metabolic syndrome (MS), 17 features of the MS were specifically recorded. According to the US Third Adult Treatment Panel of the National Cholesterol Education Program, 18 the MS is defined as the presence of three or more out of the five known criteria. In 2005, the International Diabetes Federation accepted a slightly different definition, making visceral obesity a conditio sine qua non, and lowering the cut-off levels for waist circumference (waist circumference 494 cm in men and 480 cm in women) and fasting glucose (fasting glucose X100 mg per 100 ml).
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Patients were excluded from further analysis if they refused signing an informed consent, if they had a significant alcohol consumption (420 g per day), 20 if they had previously undergone bariatric surgery, if another liver disease was diagnosed or if they were known to have diabetes. The reason to exclude patients with known diabetes is explained by the fact that this study was part of a larger program studying MS in obese patients. In the design of this larger program, diabetic patients were excluded for methodological reasons. Patients o16 years of age were not included. The possibility of liver involvement was defined by one or more of the following elements: abnormal liver tests (aspartate aminotransferase and/or ALT and/or g-glutamyl transpeptidase and/or alkaline phosphatase), ultrasound abnormality of the liver (major criteria: enlarged liver, 21 steatotic liver, 22 splenomegaly; 23 minor criteria: reduced portal flow (o800 ml min
À1
), abnormal resistance index in the hepatic artery, abnormal flow pattern (normally triphasic) in the hepatic veins 21 ), signs of parenchymal liver disease on liver-spleen scintigraphy 15 and abnormal aminopyrine breath test. 16 The cut-off levels for the most important parameters are listed in Furthermore the pathologist reported the length of the biospy and the number of portal tracts.
Values were expressed as mean ± standard deviation (s.d.). The results were analyzed using an independent samples t-test (continuous variables), Mann-Whitney U-test and Somers' D-tests (a chi-square variant for categorical ordinal values) (categorical variables, scores), chi-square test (prevalences) and with correlation analysis using SSPS 16.0 for Windows. Logistic regression was carried out to identify independent predictors of the presence of PHT. A P-value of o0.05 was considered statistically significant.
Results
The patient selection process and the corresponding numbers are shown in Figure 1 . In all, 50 patients underwent a transjugular liver vein catheterization and biopsy according to the above protocol between 1 September 2006 and 1 February 2009. In this time period, 652 new patients were seen at the obesity clinic. A total of 337 patients did not enter the protocol: 145 had significant alcohol use, 82 were already known to have diabetes, 45 had undergone bariatric surgery in the past, 35 refused to give informed consent, 30 were excluded for miscellaneous reasons. From the 315 patients included in the program, 16 patients were not included because the work-up showed an abnormal finding that needed specific attention (for example, significant thyroid dysfunction, a previously unknown liver lesion). Four had a formerly undiagnosed other liver disease (two had chronic hepatitis B, one had primary biliary cirrhosis, one had hemochromatosis). From the remaining 295, 38 had no arguments for liver involvement. From the 257 patients with a possible liver involvement according to the criteria of the protocol, 79 refused a biopsy or were lost to follow-up and 47 underwent surgery. From the remaining 131 patients, 50 underwent a transjugular biopsy. The other patients underwent a transparietal biopsy.
The main characteristics of the 50 patients who underwent a transjugular liver vein catheterization and liver biopsy are summarized in Table 1 . Two patients had thyroid dysfunction. Five patients had suffered from a cardiovascular event, mainly ischemic coronary heart disease. A total of 12 patients were taking antiaggregant drugs, 7 as primary prevention. No patient was taking anticoagulant drugs. A total of 19 patients were taking antihypertensive drugs. From the Metabolic syndrome, portal pressure and steatosis S Francque et al 31 female patients, 7 were taking oral anticonceptives. Seven patients were on lipid-lowering drugs. No patient was on pharmacological treatment for overweight or diabetes.
The presence of signs of liver involvement, according to the protocol, is summarized in Table 2 . If the criterion of ALT 440 U l À1 is used, 4% have two criteria, 30% three, 22% four, 22% five, 8% six, 8% seven and 6% eight criteria.
Comparison of the main characteristics (age, gender distribution, body mass index (BMI), waist, ALT, g-glutamyl transpeptidase, total cholesterol, high-density lipoprotein cholesterol, triglycerides, fasting glucose, fasting insulin and HOMA IR) of these 50 patients with those of the 81 patients who underwent a classical transparietal biopsy (see Figure 1) , showed no significant differences (data not shown).
MS and its criteria
The presence of the five criteria for the MS, according to the National Cholesterol Education Program-Adult Treatment Panel III definition, 18 is summarized in Table 3 . Metabolic work-up Liver specific program Figure 1 Flow chart of the patient selection process and numbers. Abbreviations: ABT, aminopyrine breath test; ALP, alkaline phophatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, g-glutamyl transpeptidasen, number of patients; ULN, upper limit of normal. The criteria for the biochemical parameters, presence of liver steatosis on ultrasound, 21 the liver volume (based on the craniocaudal diameter measured at the right midclavicular parasagittal section), 23 the liver-spleen scintigraphy 15 and the parameters of the ABT 16 are listed and the % of patients meeting the criteria. 14 On the basis of oral glucose tolerance test, 40 out of 50 (80%) patients had a normal glucose tolerance, 9 out of 50 (18%) had Impaired Glucose Tolerance (defined as glycaemia X200 mg per 100 ml at 2 hours on oral glucose tolerance test), and 1 out of 50 (2%) had diabetes. 36 Among the 10 patients with abnormal glucose tolerance, only 5 met the criterion of fasting glucose X100 mg per 100 ml and only 2 the former criterion of X110 mg per 100 ml. Mean fasting insulin was 18.27± 9.97 mU ml
À1
. According to the criterion of fasting insulinemia X16 mU ml À1 , 44% of patients had hyperinsulinism. 37 On the basis of a HOMA IR of 41.0, only 4% had no hyperinsulinism. 13 Hepatic venous pressure gradient HVPG was normal in 36 out of 50 (72%) (group 1) patients and elevated in 14 out of 50 (28%). HVPG was 8.8 ± 0.7 mm Hg in those with an elevated HVPG (group 2) versus 3.4 ± 0.2 mm Hg in group 1. In all, 14 out of 36 (39%) patients with a normal HVPG were taking antihypertensive drugs, and 5 out of 14 (36%) in the group had an elevated HVPG (P ¼ 0.766) ( Table 5 ). The drugs were discontinued on the day of the HVPG measurement, as stated in the methods.
Histology
In all patients a liver biopsy was obtained. Mean length was 18.2±0.2 mm; the mean number of portal tracts was 8.4±0.8. The data for the NASH activity score and its three components and for the fibrosis stage compared between groups 1 and 2 are summarized in Table 4 . Abbreviation: NAS, Nonalcoholic Steatohepatitis activity score. The absolute numbers (n) and percentages of cases are given for the different scores of steatosis grade, lobular inflammation, ballooning and fibrosis for patients without (group 1) and with portal hypertension (group 2). The P-value of the comparison between patients without and with portal hypertension is shown (p, Mann-Whitney U-test). The NAS is shown as mean±s.d. The P-value for NAS is calculated with Student t-test. A P-value of o0.05 (*) is considered statistically significant. mg per 100 ml 6 X100 (n ¼ 50) mg per 100 ml 16
Abbreviations: DSP, diastolic blood pressure; HDL, high-density lipoprotein; n, number of patients; SBP, systolic blood pressure. The results for waist circumference and HDL cholesterol are given for men and women separately and combined. % is the percentage of patients meeting the criterion. For the glycemia criterion the % is given for the X110 mg per 100 ml criterion and for the X100 mg per 100 ml criterion. p 1 is the P-value of the comparison of absolute values of the parameters between men and women (independent samples t-test). p 2 is the P-value of the comparison between men and women of the % of patients meeting the criterion (Mann-Whitney U-test). A P-value o0.05 (*) is considered statistically significant. Metabolic syndrome, portal pressure and steatosis S Francque et al
In both groups, only one patient had cirrhosis. In all, 9 out of 14 (65%) and 26 out of 36 (72%) patients had F0. Fibrosis score was not significantly different (Mann-Whitney U-test, P ¼ 0.794). Steatosis was the only histological feature that differed significantly between the two groups (Mann-Whitney U-test, P ¼ 0.016; Somers' d-test, P ¼ 0.008). In regression analysis, only steatosis turned out to be a predictor of the presence of PHT (P ¼ 0.010).
Comparison of steatosis (Mann-Whitney U-test, P ¼ 0.273), NASH activity score (P ¼ 0.525) and fibrosis score (P ¼ 0.924) between the study group and the 81 patients who underwent a classical liver biopsy showed no significant differences.
In seven patients no steatosis was found on liver biopsy, although initial screening showed signs of liver disease. In two out of seven patients some sinusoidal dilatation was found. This can explain the presence of elevated ALT and a hyperechogenic liver parenchyma on ultrasound. Cardiac decompensation was excluded. The exact significance of this sinusoidal dilatation is unknown. It is probably related to hormonal disturbances. Elevated ALT (three out of five) and hyperechogenic liver parenchyma on ultrasound (three out of five) were the reasons to include the remaining five patients. They should be considered false-positive results of the screening, as liver tissue was normal on histological examination.
Clinical and biochemical parameters related to portal hypertension
The values (expressed as mean ± s.d.) of some of the most relevant parameters related to liver disease and inflammation are listed in Table 5 for the patients without (group 1) and with (group 2) PHT, together with the P-value of the comparison between the two groups (Student's t-test). Waist circumference, waist-hip ratio, visceral fat, fasting insulin, fasting c-peptide and HOMA IR appeared to be significantly different. Age, liver enzymes, ferritin and high-sensitive C-reactive protein were not significantly different.
Categorical variables such as gender and the presence of the MS criteria were compared using Mann-Whitney U-test (results not shown). Only the presence of the criterion for waist circumference appeared to be significantly different (Po0.0001).
In binary logistic regression analysis, waist circumference (P ¼ 0.004), waist-hip ratio (P ¼ 0.006), fasting c-peptide (P ¼ 0.025) and HOMA IR (P ¼ 0.024) were predictors of PHT. In a forward conditional analysis, waist circumference (P ¼ 0.008) and HOMA IR (P ¼ 0.043) appeared to be independent predictors of PHT.
Clinical and biochemical parameters related to steatosis
The clinical and biochemical parameters that are significantly correlated to the degree of steatosis (Po0.05) are listed in Table 6 .
Steatosis is not an independent predictor of the presence of PHT after correction for waist-hip ratio or HOMA IR using a binary logistic regression analysis (forward conditional).
Discussion
The main aim of this study was to identify clinical and biochemical factors that are associated with the PHT induced Metabolic syndrome, portal pressure and steatosis S Francque et al by steatosis. We conclude that both parameters of visceral adiposity and IR are related to the presence of PHT in severe steatosis.
We previously showed that steatosis per se induces an increase in portal pressure, regardless of the degree of fibrosis in an experimental models. 10 In the present series we confirm the presence of PHT in patients with NAFLD, in the absence of significant fibrosis, confirming our experimental findings. As some patients were taking antihypertensive drugs, the results might even underestimate the problem. Although the exact clinical significance is still unclear, it is obvious that PHT is a marker of important changes in liver hemodynamics. These changes might significantly contribute to steatosis-related disease. 38 Assessment of portal pressure, however, requires an invasive procedure. It is therefore of interest to identify noninvasive clinical and biochemical markers that predict the presence of PHT and that hence help in selecting patients at risk. In this analysis, markers of visceral fat accumulation seem to be significantly correlated to PHT in steatosis. Waist circumference, a marker of visceral obesity, 39 prove to be an independent predictor for the presence of PHT. Waist circumference, waist-hip ratio and visceral fat measured by computed tomography 14 are significantly different between patients without and with PHT. Data linking obesity and liver fat are numerous. The BMI is a well-known independent predictor of fat in the liver. 40, 41 Regardless of BMI, central adiposity has been shown to be associated with NAFLD in normal weight, obese and diabetic individuals. 17, 42, 43 As the presence of PHT is related to the degree of steatosis, and as the degree of steatosis is related to the amount of visceral fat, the predictive role of waist circumference can easily be understood. Even after correction for the degree of steatosis, however, waist circumference remains an independent predictor of PTH, indicating that the relation between waist and steatosis-associated PTH cannot be fully explained by steatosis alone. It is known that increasing obesity is also associated with an increased risk of steatosis-associated liver inflammation (NASH). 17 The complex role of visceral adipocytes as an important source of cytokines, adipokines and para-endocrine substances may be involved. 44, 45 Routine biochemical and histological parameters of inflammation, however, showed no significant differences or correlations in this study cohort. A second factor that could be identified as related to PHT is insulin resistance. Fasting insulin, fasting c-peptide and HOMA IR are significantly different between patients with and without steatosis-induced PHT. Fasting c-peptide and HOMA IR are predictors of the presence of PHT in regression analysis. After correction for steatosis and waist circumference, HOMA IR seems to be an independent predictor of PHT.
The association between NAFLD and glucose homeostasis disturbances has been well established. Available data indicate that the onset of NAFLD is an early event in the development of IR and might predict the presence or future development of the MS. 46 On the other hand, IR is often considered as a key etiological mechanism in the development of NASH, and is a possible therapeutic target. 47, 48 In diabetic patients, NAFLD is an important source of morbidity and mortality. 49 In patients with type 2 diabetes, cirrhosis and its complications are the second cause of disease-specific mortality. 50 NAFLD, as diagnosed by liver ultrasound, is present in 69.5%, in an age-dependent manner. 1 Patients with NAFLD and diabetes develop cirrhosis in 23.9% and experience liver-related death in 19% of cases, compared with 10.6 and 2% in NAFLD patients without diabetes, respectively. 51 The role of IR as a predictor of steatosis-related PHT is clearly in line with these data. Although both IR and visceral fat accumulation are independent predictors of PTH in our study, IR and visceral adiposity are intimately linked. 46, 47, 52 Previous studies showed that that the severity of fatty liver was positively correlated with visceral fat accumulation and insulin resistance. 42, 48 However, the exact causal relation between IR, visceral fat and steatosis remains unclear. Furthermore, there are patients with IR and NAFLD who are not obese, indicating that other factors besides visceral obesity contribute to the association between NAFLD and IR. 17 This probably explains why the relationship of HOMA IR with the presence of PHT remains significant even after correction for waist circumference. Finally, the selection of patients should be taken into account to correctly interpret the results. The selection for transjugular biopsy did not create a bias, as the main clinical, biochemical and histological characteristics were not significantly different from the other biopsy groups. However, all patients were selected from a larger program, studying the relationship between the MS and the liver, as described in the methods. This resulted in a series of patients who are obese and in whom there is a suspicion of NAFLD based on predefined criteria. This patient selection should be taken into account if we want to extrapolate the results to the standard obese and/or NAFLD patient seen in daily practice. Metabolic syndrome, portal pressure and steatosis S Francque et al
